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ARTIFACT REDUCTION USING ADAPTIVE
NONLINEAR FILTERS

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to adaptive filtering techniques for
reducing artifacts in scanned or copied documents that
contain 1mages, graphics and/or text. More particularly, this
invention relates to methods and apparatuses for selectively
applying different types of filters based on local document
features to reduce artifacts, such as moiré, scanner noise,
and/or CCD noise, 1n documents. The invention also relates
to a method of rapidly computing a median filter. The
invention further relates to programs of instructions for
implementing the adaptive filtering techniques and filter
computation method.

2. Description of the Related Art

Many scanned documents are mixed-mode, meaning that
they contain at least two of the following types of data: text,
oraphics and 1image. When scanned, the scanned represen-
tations of such documents may contain artifacts that do not
exist 1n the original. The source of these artifacts varies. If
the original document 1s a screened document, then moiré
artifacts may occur in the scanned representation. Other
types of artifacts may also appear on scanned representa-
fions of mixed-mode documents. Such artifacts include
noise that originates from the charge coupled device (CCD)
of the scanner or from scanner mechanics.

Moir¢ artifacts result whenever two geometrically-regular
patterns are superimposed. Moiré often manifests itself as a
ripple-like pattern 1n scanned representations of screened
documents because the geometrically-regular structure of
the screened document 1s superimposed with the
geometrically-regular pattern of scanning.

The nature of the moiré that results from scanning
depends on a number of factors including: (1) the resolution
of the geometrically-regular structure of the screened
document, i.e., the screen frequency, (2) the resolution of the
gecometrically-regular pattern for the scanning process, 1.€.,
the scan frequency, (3) the relative angle between these two
patterns, i.c., the screen angle, and (4) the characteristics of
the process used to render the scanned representation. Moiré
can be reduced by decreasing the screen frequency, increas-
ing the scan frequency, and/or carefully selecting the screen
angle, but these simple techniques are generally unsatisfac-
tory.

A tradeolf between screen frequency and scan frequency
1s generally unable to achieve a satisfactory reduction in
moiré because, on the one hand, a decrease 1n screen
frequency reduces the resolution of the screened document
and, on the other hand, an 1increase in scan frequency greatly
increases the amount of resources required to process and
store the scanned representation. In some applications such
as high-quality printed publications, screen frequencies 1n
excess of 200 lines per inch (about 79 lines per centimeter)
are used, making it essentially impossible to reduce moiré by
merely 1increasing the scan frequency.

A careful selection of screen angle 1s generally unable to
achieve a satisfactory reduction 1n moiré because the angle
1s difficult to select precisely 1n many applications. Precise
selection 1s difficult because the relative orientation of the
screened 1mage with respect to the orientation of the scan-
ning apparatus 1s difficult to control precisely. The problem
1s even greater 1n color applications where the screen angle
for three or more colors must be very carefully selected.
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Most methods 1n the literature use low-pass filtering
techniques to reduce moiré. While these techniques may
reduce moiré artifacts 1n 1mage regions, they also tend to
reduce perceptual quality of text and graphics regions. That
1s, 1f a low-pass filter 1s applied uniformly to the scanned
representation, the degree of filtering required to achieve an
acceptable reduction in moiré usually results in an unac-
ceptable reduction 1n resolution. Other methods have been
proposed which rely on median filtering. However, such
methods may not reduce moiré artifacts as desired.

Thus, there 1s a need for an effective adaptive filtering
technique that produces documents with improved percep-
tual quality, and that 1s particularly suitable for mixed-mode
documents.

SUMMARY OF THE INVENTION

Objects of the Invention

Therefore, it 1s an object of the present invention to
provide improved adaptive filtering techniques that combine
various nonlinear filtering techniques to produce documents
with 1mproved perceptual quality, and that are particularly
useful on scanned or copied representations of mixed-mode
documents.

It 1s another object of this invention to provide improved
adaptive filtering techniques which selectively apply differ-
ent types of filters based on local features to reduce artifacts
in scanned or copied representations of mixed-mode docu-
ments.

It 1s a further object of this mnvention to provide adaptive
filtering techniques suited for low- and high-resolution
mixed-mode documents, respectively.

It 1s st1ll another object of this invention to provide a
method for fast generation of a median filter.

Summary

According to one aspect of this invention, a method for
producing an output representation of a mixed-mode docu-
ment with reduced artifacts 1s provided. The method com-
prises computing, for each of a plurality of pixels represent-
ing the document, a first average gray scale value of a first
pixel neighborhood and a second average gray scale value of
a second pixel neighborhood; comparing the difference
between the computed first average gray scale value and a
value of that pixel with a predetermined threshold value; and
based on the result of the comparison, applying either a
median filter to the first pixel neighborhood, a first low-pass
filter to the second pixel neighborhood, or a second low-pass
filter to the first pixel neighborhood, to produce an output
representation of the document with reduced artifacts. The

method 1s particularly applicable to a high-resolution rep-
resentation of a mixed-mode document.

In a preferred embodiment, the first average gray scale
value 1s computed on a 3x3 neighborhood of pixels, centered
on but excluding that pixel, and the second average gray
scale value 1s computed on a 3x5 neighborhood centered on
and double weighting that pixel.

Preferably, the median filter 1s applied if the difference
between the computed first average gray scale value and the
value of that pixel 1s greater than or equal to the predeter-
mined threshold value, and either the first low-pass filter or
the second low-pass filter 1s applied based on a comparison
between (1) the difference between the computed first aver-
age gray scale value and a gray scale value of that pixel and
(i1) the difference between the computed second average
oray scale value and the gray scale value of that pixel.

™
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Preferably, the first low-pass filter 1s represented by a
welghted average gray scale value of the second pixel
neighborhood, and the second low-pass filter 1s represented
by an average gray scale value of the first pixel neighbor-

hood.

In another aspect, the mnvention mvolves a method for
producing an output representation of mixed-mode docu-
ment with reduced artifacts, that 1s particularly applicable to
a low-resolution representation of such document. The
method comprises computing, for each of a plurality of
pixels representing the document, a first average gray scale
value of a first pixel neighborhood and a second average
oray scale value of a second pixel neighborhood; comparing
the difference between the computed first average gray scale
value and a value of that pixel with a predetermined thresh-
old value; and based on the result of the comparison,
applying either a first filter kernel to the first pixel
neighborhood, a second filter kernel to the first pixel
neighborhood, a third filter kernel to the first pixel
neighborhood, a first low-pass filter to the second pixel
neighborhood, or a second low-pass filter to the first pixel
neighborhood, to produce an output representation of the
document with reduced artifacts.

In a preferred embodiment, the first filter kernel 1s applied
if a first sub-condition, indicating that horizontal and vertical
edges are to be preserved, 1s satisfied, the second filter kernel
1s applied 1f the first sub-condition 1s not satisfied but a
second sub-condition, indicating that slanted edges are to be
preserved, 1s satisfied, and the third filter kernel 1s applied if
neither the first nor the second sub-condition 1s satisfied.

Preferably, either the first, second or third filter kernels 1s
applied if the difference between the computed first average
oray scale value and the value of that pixel 1s greater than or
equal to the predetermined threshold value, and either the
first or second low-pass filter 1s applied if the difference
between the computed first average gray scale value and the
value of that pixel 1s less than the predetermined threshold
value.

Preferably, the first low-pass filter, represented by a
welghted average gray scale value of the second pixel
neighborhood, 1s applied if the second sub-condition 1is
satisfied, and the second low-pass filter, represented by an
average gray scale value of the first pixel neighborhood, 1s
applied 1f the second sub-condition 1s not satisfied.

Other aspects of the invention include apparatuses for
implementing the adaptive {iltering methods described
above. Such apparatuses comprise a filter device, an
analyzer, and a filter control to perform the processing.

In yet another aspect of the invention, each of the above-
described methods may be embodied 1n a program of
instructions (e.g., software) which is stored on, or conveyed
fo, a computer or other processor-controlled device for
execution. Alternatively, the method(s) may be implemented
using hardware or a combination of software and hardware.

Other objects and attainments together with a fuller
understanding of the invention will become apparent and
appreciated by referring to the following description and
claims taken 1n conjunction with the accompanying draw-
Ings.

BRIEF DESCRIPTION OF THE DRAWINGS

In the drawings wherein like reference symbols refer to
like parts:

FIG. 1 1s a functional block diagram illustrating major
components 1n a document reproduction system;
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FIG. 2 1s a functional block diagram illustrating compo-
nents 1 a typical computer system that i1s suitable for
carrying out various aspects of the present invention;

FIG. 3 1s a schematic illustration of a three document-line
buffer that 1s processed by a median filter, constructed in
accordance with embodiments of the invention;

FIG. 4 1s a schematic illustration of labeled pixels 1 a 3x3
neighborhood;

FIG. § 1s a decision tree for determining the median of

three sorted 3x1 pixel columns, 1n accordance with embodi-
ments of the invention;

FIG. 6 1s a functional block diagram illustrating several
components 1n a processor, according to embodiments of the
mvention;

FIG. 7 1s a flow chart 1llustrating a method of adaptive
filtering of high-resolution documents, according to embodi-

ments of the invention;

FIGS. 8A and 8B are schematic illustrations of pixel
kernels on which different structure-preserving median fil-
ters are computed;

FIGS. 9A and 9B schematically illustrate low-pass filter
kernel weights to be applied based on the detected structure
within a predetermined pixel neighborhood; and

FIG. 10 1s a flow chart illustrating a method of adaptive
filtering of low-resolution documents, according to embodi-
ments of the ivention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS
I. System Components

FIG. 1 illustrates major components 1n a typical document
reproduction system, which may be implemented in a pho-
tocopier or computer system. Input device 10 receives from
path 11 signals representing an original screened document
and generates along path 12 an mput representation of this
document. Processor 20 receives this mput representation
from path 12 and, in response, generates along path 31 an
output representation of the original document. Output
device 30 receives this output representation from path 31
and, 1n response, generates along path 32 a rendition of the
original document. The present invention 1s directed toward
improving the quality of this rendition by reducing artifacts
on scanned or copied documents.

Input device 10 may be a scanner, camera, or other
suitable document capture device. If mput device 10 is an
optical scanner, the signals received from path 11 are optical
in nature and the 1nput representation generated along path
12 conveys values of optical samples taken at locations
along multiple scan lines.

Output device 30 may be essentially any type of printer,
plotter or display, including the printer portion of a photo-
copier. If output device 30 1s an inkjet or laser printer, for
example, the rendition generated along path 32 is the printed
document. If output device 30 is a cathode ray tube (CRT)
or thin-film transistor (TFT) display, for example, the ren-
dition generated along path 32 1s the representation formed
on the display device. While the disclosure 1s primarily
directed to output representations produced by printers or
photocopiers, many of the principles and features of the
present mvention may be applied 1n systems incorporating
other types of output devices.

Processor 20 processes the mnput representation to gener-
ate the output representation, which 1s intended to be a
high-fidelity rendition of the original document that is
substantially free of visible artifacts. Processor 20 may be
implemented 1n a variety of ways including by software
and/or hardware 1n a photocopier or general-purpose com-
puter.
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FIG. 2 shows the general configuration of a typical
computer system 40 which may be used to implement a
document reproduction system according to the present
invention. Central processing unit (CPU) 41 provides com-
puting resources and controls the computer. CPU 41 may be
implemented with a microprocessor or the like, and may also
include a graphics processor and/or a floating point copro-
cessor for mathematical computations. Computer system 40
further includes system memory 42 which may be 1n the
form of random-access memory (RAM) and/or read-only
memory (ROM). Input control 43 represents an interface to
one or more 1nput devices 44, such as a keyboard, mouse or
stylus. A storage control 46 1s an 1nterface to a storage device
4’7 that mncludes a storage medium such as magnetic tape or
disk, or an optical medium that may be used to record
programs of 1nstructions for operating systems, utilities and
applications, and may include embodiments of programs
that implement various aspects of the present invention.
Display control 48 provides an interface to display device 49
which may be a CRT or TFT display. Scanner control 50
represents an interface to scanner device 51 that 1s an 1nput
device such as an optical scanner. Printer control 52 repre-
sents an interface to printer device 53 that 1s an output device
like an ink-jet or laser printer. I/O control 54 interfaces with
communication device 55 which may be a modem or other
network connection. Programs that implement various
aspects of this invention may be transmitted to computer
system 40 from a remote location (e.g., a server) over a
network.

In the embodiment shown, all major system components
connect to bus 45 which may represent more than one
physical bus. For example, some personal computers incor-
porate only a so-called Industry Standard Architecture (ISA)
bus. Other computers incorporate an ISA bus as well as a
higher bandwidth bus conforming to some bus standard such
as the VESA local bus standard or the PCI local bus
standard. Preferably, display control 48 connects to a high-
bandwidth bus to improve the speed of display. A bus
architecture 1s not required to practice the present invention.

Devices like scanner device 51 may serve as input device
10 and devices like display device 49 or printer device 53
may serve as output device 30. Other components shown 1n
the figure may be used to implement processor 20. Processor
20 may also be integrated with a scanner and a printer 1n a
single unit, such as 1 a photocopier.

As previously noted, the functions required to practice
various aspects of the present invention can be implemented
in processor 20 1n a wide variety of ways, such as with
discrete logic components, one or more application speciiic
integrated circuits (ASICs), digital signal processors,
program-controlled processors, or the like. In the form of
hardware, processor 20 can be embodied 1n computer 40
itself or on an option card that can be inserted into an
available computer card slot. In the form of software,
processor 40 can be loaded 1nto computer 40 from storage
device 47 and executed by CPU 41. Various aspects of the
invention can be conveniently implemented 1n a type of
program known as a device driver. More broadly, such
software may be conveyed by a variety machine-readable
medium 1ncluding magnetic tape or disk, optical disc, net-
work paths, infrared signals, as well as other communication
paths throughout the electromagnetic spectrum.

In as much as the filtering techniques of the present
invention may be implemented using hardware, software, or
combination thereof, 1t 1s to be understood that the block and
flow diagrams show the performance of certain specified
functions and relationships thereof. The boundaries of these
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functional blocks have been arbitrarily defined herein for
convenience of description. Alternate boundaries may be
defined so long as the specified functions are performed and
relationships therebetween are appropriately maintained.
The diagrams and accompanying description provide the
functional information one skilled in the art would require to
fabricate circuits or to write software code to perform the

processing required.
II. Fast Median Filter

This section describes a very fast and memory efficient
algorithm for computing the median of pixels 1n a prede-
termined neighborhood, €.g. a 3x3 neighborhood of pixels,
based on pixel gray scale values. An efficient implementa-
tion for a 3x3 median filter algorithm requires only a three
line buifer 1n memory and revolves this buffer when a new
line enters the buffer window, as shown 1 FIG. 3. A
band-based processing scheme enables memory efficient
filtering of high-resolution documents of, ¢.g., 600 dp1 or
higher. The algorithm 1s particularly well suited for software
implementation, although a hardware implementation 1s also
possible.

The median filter 1s applied to a pixel representation of a
document. In a preferred embodiment, the median filter
computes medians in a 3x3 window for the i”* document
line, as the window 1s slid horizontally one column at a time
until the window reaches the end of the i document row.
The process begins by computing the median of the pixels
in, say, the first three columns of lines (i—-1), 1 and (i+1). This
window 1s then slid horizontally one column, so that one
new 3x1 column of pixels enters the window and one 3x1
column of pixels leaves the window. Two columns from the
“previous” window remain in the “new” window. The
median 1s then computed on the pixels in the new window.
This process continues until the window reaches the end of
the i”* row, after which the processed line (i-1) is removed
from the buffer and unprocessed line (1+2) enters the buffer
and medians are computed for the (i+1)”* document line.
Document lines are revolved in the direction of the arrow in
FIG. 3.

The present mvention provides a very fast and memory
cficient algorithm for computing the median of the pixel
neighborhood 1n each window. Initially, the algorithm sorts
the gray scale values of the pixels in each column in the
window. Each of these sorted triplets are stored to determine
the median gray scale value of the pixels in the 3x3 window.
For ease of description, the nine pixels of a 3x3 window are
labeled as shown 1n FIG. 4.

Triplets {a, b, ¢}, {d, e, f} and {g, h, j} correspond to the
three columns of pixels which will be sorted. Assume that
the sorted triplets, each 1n ascending order of gray scale
value, are denoted by: {a, ¢, b}, {¢, d, f} and {h, g, j}. We
can further sort the center gray-scale-value pixels from the
respective columns. Assuming that the triplets above are in
ascending order of center gray-scale-value pixels, this order
1s given by:

=[],

where I 1s the gray scale value of pixel x.

Based on this triplet ordering, it can be shown that pixels
a, ¢, ¢ and 1 cannot be the median of the 3x3 pixel
neighborhood. It can further be shown that pixel b, d, e, f or
h can be the median of the 3x3 pixel neighborhood, depend-
ing on which condition shown 1n Table 1 is satisfied. Table
1 lists the possible orderings of pixels according to gray
scale values within the 3x3 neighborhood shown 1n FIG. 4,
based on the assumptions made above. The first column of
the table lists the pixel having the median gray scale value
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if the condition 1n the second column 1s satisfied. The third
column lists the first five pixels according to gray scale value
up to the median pixel which 1s listed last.

TABLE 1

Median Conditions on pixel gray scale  Ordered pixels up to
pixel values the median pixel
b ,=1,, =2L.1, = a,c,e,h,b

b L 2L, 21,21, a,c,e,d,b

h L Z21L.;=2L. L 21, a,c,b,e,h

h L 2L, 2L, 2], a,c,e,d,h

€ [.=1,1 =1 a,c,b,h,e

f L, 2 L1, = I; a,c,e,d,f

d [, 2L, L = I a,c,b,e,d

d I, 21, I, 2 [ a,c,e,h,d

The conditions 1n Table 1 can be further simplified and
expressed 1n the form of a decision tree or flow chart, shown
in FIG. 5. The decision tree determines the median of a 3x3
neighborhood of pixels, grouped 1nto three columns of three
pixels each, each column of pixels being sorted according to
oray scale value. The boxes along the decision branches
show the possible candidates for the median pixel, 1.e., the
right-most pixel 1n each line, and other pixels that have
smaller gray scale values to the left of the respective median
pixel candidates.

Referring to FIG. §, the decision process begins at step
501 where 1t 1s determined whether the gray scale value of
pixel d 1s greater than or equal to the gray scale value of
pixel b. If so, the possible median pixels are: b, h, d and e,
and the decision process proceeds to step 502. If not, the
possible median pixels are: b, h, f and d, and the decision
process proceeds to step 503.

In step 502, 1t 1s determined whether the gray scale value
of pixel b 1s greater than or equal to the gray scale value of
pixel h. If so, the possible median pixels 1s reduced to b and
¢. If not, the possible median pixels are h, ¢ and d. If the
determination in step 502 1s “yes,” the gray scale values of
pixels b and e are compared 1n step 504. If the gray scale
value of pixel b 1s greater than or equal to the gray scale
value of pixel e, the median pixel 1s b, as shown 1n box 505.
If the decision 1n step 504 1s “no,” the median pixel 1s e, as
shown 1n box 506.

Returning to step 502, if the gray scale value of pixel h1s
less than the gray scale value of pixel b, the possible median
pixels are h, e and d. Thus, the decision process proceeds to
step 507 where 1t 1s determined 1f the gray scale value of
pixel h 1s greater than or equal to the gray scale value of
pixel d. If so, the median pixel 1s d, as shown 1n box 508. If
not, a further comparison 1s made between pixels h and ¢ 1n
step 509. If the gray scale value of pixel e 1s greater than or
equal to the gray scale value of pixel h, the median pixel 1s
e (box 510); otherwise, the median pixel 1s h (box 511).

Returning to step 503, it 1s determined if the gray scale
value of pixel h 1s greater than or equal to the gray scale
value of pixel b. If so, either pixel b or I 1s the median pixel
and the decision process proceeds to step S12. If it 1s
determined 1n step 512 that the gray scale value of pixel b
1s greater than or equal to that of pixel 1, pixel{ 1s the median
pixel (box 513); otherwise pixel b is the median pixel (box
514). If the result of the determination in step 503 is “no,”
then the possible median pixels are: h, d and f, and the
process continues to step 515. If 1t 1s determined 1n step 515
that the gray scale value of pixel h 1s greater than or equal
to that of pixel d, either pixel { or h 1s the median pixel,
which 1s determined in step 516. If the gray scale value of
pixel h 1s greater than or equal to that of pixel 1, the median
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pixel 1s f (box 517); otherwise, it is pixel h (box 518). If the
result of the determination in step 515 1s “no,” then the
median pixel is d (box 519).

In addition to showing the pixel having the median gray
scale value for a given set of conditions, boxes 505, 506,
508, 510, 511, 513, 514, 517, 518 and 519 also 1llustrate the
pixels having the four lowest gray scale values leading up to
the median pixel.

The median filter algorithm described above 1s a gener-
alized example based on the assumptions given. The specific
pixel gray scale values compared at the various decision
branches, as well as the median pixel candidates along the
way will vary depending on the 1nitial sorting.

I1I. Artifact Reduction by Adaptive Filtering

This section describes two embodiments for reducing
artifacts, such as moiré and CCD noise, on scanned docu-
ments. The first embodiment provides more moiré reduction
than the second, but requires a relatively high-resolution to
avold reducing the quality of text or graphics regions. The
first embodiment 1s therefore suitable for high-resolution
document representations, e.g., 600 dpi1 or higher. The
second embodiment may provide better text and graphics
quality for lower resolution representations, but some moiré
may remain. The second embodiment is therefore suitable
for low-resolution document representations, €.g., less than
600 dpi.

FIG. 6 1s a functional block diagram illustrating several
major components 1n processor 20 which may be used to
carry out the filtering operations 1n accordance with the first
and second embodiments mentioned above. Analyzer 21
receives from path 12 the input representation of an original
document and analyzes information derived from this input
representation to classily regions of the document according
to content. Filter control 22 receives the results of analyzer
21 and generates a filter-control signal that i1s used to control
the operation of filter 23. Filter 23 applies a particular
two-dimensional filter to a plurality of regions 1n the 1nput
representation received from path 12 to generate along path
31 an output representation that renders the original repre-
sentation 1 a form that 1s substantially free of visible
artifacts. The type and kernel size, or number of taps, of the
applied filter 1s varied according to the control signal
received from filter control 22. The criteria for determining
which filter to apply to a particular document region 1s
described 1n more detail below.

A. Artifact Reduction on High Resolution
Documents

As previously noted, one way to reduce moiré on scanned
documents 1s to apply a low-pass filter to a digital repre-
sentation of the document. However, this operation not only
reduces the artifacts but also reduces the quality of graphics
and text regions due to the smoothing caused by the filtering
operation. One aspect of the present mmvention overcomes
this problem by providing a method 1n which different filters
are selectively applied based on local document character-
istics. When applied to high-resolution documents, these
filters reduce artifacts (e.g., moiré and noise) without reduc-
ing the quality of 1image, text and graphics regions.

This new method utilizes median and low-pass filters,
depending on local document characteristics. At high fre-
quencies moir€é 1s similar to salt-and-pepper type noise,
which 1s very similar 1in appearance to noise that can be
caused by the CCD, and at low frequencies moir€ appears as
large pixel clusters. Median filters are good at reducing
salt-and-pepper noise without harming edge pixels, while
low-pass filters are good at eliminating larger pixel clusters.
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In accordance with this aspect of the invention, local
document features are computed within 3x3 and 3x5 neigh-
borhoods. These local features and predetermined thresholds
are used to select the appropriate filter to apply to corre-
sponding document regions.

FIG. 7 1s a flow chart illustrating an adaptive filtering
scheme according to this embodiment of the invention. The
filters are applied on pixel gray scale values. Thus, if the
original document to be filtered 1s a color document, the
process begins at step 701 where the color document 1s
initially converted to gray scale. (After filtering, an initial
color document 1s converted back to color, as will be
explained below.) For an RGB document, the gray scale
value of a pixel 1s determined based on 1ts RGB values. For
each pixel p(i, j), the median of its R(i, j), G(i, j) and B(i, j)
values 1s determined and whichever color value corresponds
to the median, then that value 1s weighted by a factor of two
in the gray scale computation. For example, 1f the red value
is the median of {R(3, j), G(i, j) and B(i, j)}, then the pixel
gray scale value I(i, j) is computed as: (2R(1, 1)+G(i, 1)+B(i,
1) )/4. Gray scale computation with these weighted values is
very suitable for ASIC mmplementation. Moreover, 1n the
experience ol the inventor determining weighted values
based on the median of pixel RGB values improves overall
document quality for artifact reduction purposes.

In step 702 pixel variable g 1s 1nitialized to 1. The process
flow then enters a loop where each pixel 1s examined and the
appropriate filtering applied to a local pixel neighborhood.
In step 703 the q™ pixel is obtained. For each pixel, u.(i, i)
and u,.(1, 1) are computed in step 704. That is, the average
oray scale value of a 3x3 neighborhood, centered on but
excluding pixel g, 1s computed, and the average gray scale
value of a 3x5 neighborhood, centered on and double
welghting pixel g, 1s computed. In step 705 a first condition
1s checked. If, 1 step 7035, 1t 1s determined that the absolute
difference between u.(i, 1) and p(3, ) is greater than or equal
to a threshold value T, then, in step 706 a median filter,
preferably of the type described in section I1, 1s applied. That
1s, the median gray scale value of the 3x3 neighborhood is
assigned to m(i, j) which represents the value of p(i, j) after
filtering. If there are more pixels to examine, as determined
in step 707, then g 1s mncremented 1n step 708, after which
the process returns to step 703 where the next pixel 1is
obtained.

Returning to step 703, it the decision 1n that step 1s “no,”
then a second condition 1s checked in step 709. Specifically,
it 1s determined 1n step 709 1f the absolute difference
between (i, J) and I(1,.]) 1s less than the absolute difference
between u,4(1, 1) and I(1, j). If so, then in step 710 a first
low-pass filter 1s applied by assigning the weighted average
gray scale value of the 3x5 neighborhood to m(i, j). Then the
process continues with step 707. If, however, the decision in
step 709 1s “no,” then a second low-pass filter 1s applied in
step 711; that 1s, the average gray scale value of the 3x3
neighborhood is assigned to m(i, j). Then the process con-
tinues with step 707.

Symbolically, the condition or rule given in steps 705 and
709 as to what type of filter to apply to a specific document
region 1n steps 706, 710 and 711 1s stated as follows:

if |us(1, 1)-p(i, })|= T, then the median gray scale value of
the 3x3 neighborhood is assigned to m(i, j)

else if |u (i, 1)-IQ, )|<|et, (1, 1)-I{, j)| then the weighted
average gray scale value of the 3x5 neighborhood 1s
assigned to m(i, j)

clse the average gray scale value of the 3x3 neighborhood
is assigned to m(i, j),
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where threshold parameter T, (e.g., 15) is predetermined
experimentally based on the characteristics of the scanner or
other document capture device used, variable m(i, j) repre-
sents the filtered gray scale pixel value of the corresponding
pixel neighborhood, and variables ug(1, j) and (1, )
represent average gray scale values that are computed by:

R U (R .
Mgli, f) = g[kZI ; pli+k, j+1)— p(, J)]
1 1

o]
tislis ) = E[Z

pli+k, j+1) - pl j)].
k=—1 I=

2

The average gray scale values given by the above equa-
tions are computed within 3x3 and 3x5 pixel neighborhoods,
respectively. Only three document rows are used to reduce
memory requirements for ASIC implementation. Such selec-
tive application of a low-pass or median filters provided
cgood results for 600 dp1 documents that were originally
printed 1n various resolutions. When scanned document
resolution increases, the kernel size for low-pass filtering
operation can be easily increased.

After all of the pixels are examined and selective filter
application 1s complete, the filtered pixel gray scale values
are converted back to color RGB 1n step 712, 1f necessary,
by the following equations:

R, j) =m{, )+ CQRG )+ RU, j—-1)+RG, j+1))/4-10, j)
GG, ) =m(, p+QGGE H+GU j-1)+ GG j+1)/4 -1 j)

B(i, j) =m(i, j)+ (2B )+ BG, j-1)+ B, j+1))/4 -1, j)

The previously-described filtering steps of FIG. 7 reduce
artifacts on the gray scale values of scanned documents.
However, when pixel gray scale values are converted back
to color some of the artifacts may still be visible because
moiré artifacts may still exist 1n each color channel. For this
reason, the weighted average of pixel R, G and B values are
computed from the current pixel and i1ts two immediate
neighbors during gray scale to color conversion, according
to the equations given above.
The process then terminates.

B. Artifact Reduction on Low Resolution
Documents

This section describes another filtering method that pre-
served edges better than the method described in the previ-
ous section, but requires more operations to determine the
median gray scale values of the various pixel neighbor-
hoods. The median filter described 1n section II and used 1n
the artifact reduction algorithm described in section IIIA
does not take 1nto consideration specific structures that may
exist 1n scanned documents. The artifact reduction algorithm
described 1n this section takes into account vertical, hori-
zontal and slanted structures.

The algorithm can apply different median filters that take
into consideration “+”- and “x”-shaped structures that may
exist 1n the text and graphics regions of the document. These
filters are slower 1n execution speed for software 1mplemen-
tations; however, the speed can be increased with an ASIC

implementation.

FIG. 8A 1illustrates the pixel kernels on which a “+
shaped structure preserving median filter 1s computed. That
1s, this kernel preserves horizontal and vertical edges. FIG.

*?2
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8B 1llustrates the pixel kernels on which a “x”-shaped
structure preserving median filter 1s computed. This kernel
preserves slanted edges. The low-pass filter kernel weights
to be applied based on a detected “+”-shaped structure are
shown 1n FIG. 9A. Such filter weights provide emphasis on
preserving horizontal and vertical edges. The low-pass filter
kernel weights to be applied based on a detected “x”-shaped
structure are shown 1n FIG. 9B. These filter weights provide
emphasis on preserving slanted edges.

In taking the “+”-shaped structure into consideration, the
median gray scale value of the five pixels shown in FIG. SA
are computed. The median gray scale value of the “+7-
shaped structure is denoted by m (i, j). In taking the “x”-
shaped structure into consideration, the median gray scale
value of the five pixels shown 1n FIG. 8B are computed. The
median gray scale value of the “x”-shaped structure is
denoted by m (i, j). The final median filter value for a 3x3
neighborhood 1s determined by computing median value of

pixels m (1, j), m(1, j), and p(3, j).

The adaptive filtering process according to this embodi-
ment 1s shown 1n FIG. 10. Steps 1001 through 1004 are the
same as steps 701 through 704 in FIG. 7. However, the
actual filtering scheme differs as described below.

In step 1005 a first condition 1s checked. If, 1n step 1005,
it 1s determined that the absolute difference between ug(1, 1)
and p(1, j) is greater than or equal to T, then a first
sub-condition 1s checked in step 1006; that 1s, 1f it 1s
determined if the median of: (1) the median of the “+” pixels
(m_(1, J)), (2) the median of the “x” pixels (m (i, j)), and (3)
p(1, 1) 1s m_(1, j), then the kernel shown in FIG. 9Ais applied
and the filter response is assigned to m(i, j) in step 1007. If,
however, the median of the pixels considered in step 1006 1s
m (1, ), as determined in step 1008, then the kernel in FIG.
9B is applied and the filter response is assigned to m(i, j) in
step 1009. If the decision 1n step 1008 1s “no,” then the
average of m_(1, j) and m (1, j) is assigned to m(i, j) in step
1010.

Returning to step 10035, if the decision in that step 1s “no,”
then a second condition 1s checked 1n step 1011; that 1s, 1t 1s
determined 1n step 1011 if the absolute difference between
t5(1, 1) and I3, j) is less than the absolute difference between
t1(1, 1) and I(3, 7). If so, then in step 1012 a first low-pass
filter 1s applied by assigning the weighted average gray scale
value of the 3x5 neighborhood to m(i, j). If, however, the
decision 1n step 1011 1s “no,” then a second low-pass filter

1s applied by assigning the average gray scale value of the
3x3 neighborhood to m(i, j) in step 1013.

After each of the filtering steps 1007, 1009, 1010, 1012

and 1013, it 1s determined 1n step 1014 whether there are any
more pixels. If so, g 1s incremented 1n step 1015 and the next
pixel 1s obtained 1n step 1003. The process continues until all
of the pixels have been examined.

Symbolically, the adaptive filtering conditions or rule for
this embodiment are as follows:
if (i, )-p(i, PIZT, then
if the median of m_(1, 1), m 1, ), and p(i, j) is m_(1, J) then
apply the kernel shown 1 FIG. 9A and assign the filter
response to m(i, j)
else if the median of m_(1, j), m (1, ), and p(1, J) 1s m (1,
1) then apply the kernel shown in FIG. 9B and assign
the filter response to m(i, j)

clse assign the average of m_(i, j) and m (i, j) to m(i, j)
else if [ug(i, )-I3, )|<|e, (1, })-1(, )| then the weighted
average gray scale value of the 3x5 neighborhood 1is
assigned to m(i, j)
clse the average gray scale value of the 3x3 neighborhood 1s
assigned to m(i, j).
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The parameters given above can be computed 1n a similar
manner to the parameters given 1n previous section.

This artifact reduction algorithm preserves the edges
better than the previously-described embodiment, especially
in low-resolution documents. For this reason, 1t preserves
the small font size text better than the previous embodiment.
However, since 1t preserves small details better 1t may
reduce moiré artifacts less than the previous embodiment.
IV. Conclusion

As the foregoing description demonstrates, the adaptive
filtering techniques of the present 1nvention are particularly
well suited to reduce artifacts mm scanned mixed mode
documents. An appropriate artifact reduction method should
be chosen based on the desired effect and scanned document
resolution. A sharpening algorithm may be used to further
process documents processed by the artifact reduction algo-
rithms disclosed herein. The sharpening operation may be
used to undo undesired smoothing effects of the artifact
reduction process on text and graphics regions. Moreover,
the filtering techniques of the present invention may be
implemented 1n an ASIC, but may also be implemented on
a personal computer using software or hardware.

While the invention has been described in conjunction
with several specific embodiments, many {further
alternatives, modifications, variations and applications will
be apparent to those skilled 1n the art that 1n light of the
foregoing description. For example, the adaptive filtering
techniques are not limited to color documents in RGB space,
but may also be applied to color documents represented 1n
other spaces, such as La*b* and/or YUV spaces. In the case
of a document rendered in La*b* space the filtering is
applied to the L-channel, and for a document 1n YUV space
the filtering 1s applied to the Y-channel. Thus, the mnvention
described herein 1s intended to embrace all such alternatives,
modifications, variations and applications as may fall within
the spirit and scope of the appended claims.

What 1s claimed 1s:

1. A method for producing an output representation of a
mixed-mode document with reduced artifacts, comprising:

for each of a plurality of pixels representing the
document, computing a first average gray scale value of
a first pixel neighborhood and a second average gray
scale value of a second pixel neighborhood that over-
laps the first pixel neighborhood;

comparing the difference between the computed first
average gray scale value and a value of that pixel with
a predetermined threshold value; and

based on the result of the comparison, applying either a
median filter to the first pixel neighborhood, a first
low-pass filter to the second pixel neighborhood, or a
second low-pass filter to the first pixel neighborhood, to
produce an output representation of the document with
reduced artifacts.

2. The method of claim 1, wherein the pixel representation
of the mixed-mode document 1s a high-resolution represen-
tation.

3. The method of claim 1, wherein the second pixel
neighborhood 1s larger than the first pixel neighborhood.

4. The method of claim 1, wherein the median filter 1s
applied 1if the difference between the computed first average
oray scale value and the value of that pixel 1s greater than or
equal to the predetermined threshold value.

5. The method of claim 4, wherein either the first low-pass
filter or the second low-pass filter 1s applied based on a
comparison between (1) the difference between the com-
puted first average gray scale value and a gray scale value of
that pixel and (i1) the difference between the computed
second average gray scale value and the gray scale value of
that pixel.
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6. The method of claim 5, wherem the first low-pass filter
1s represented by a weighted average gray scale value of the
second pixel neighborhood, and the second low-pass filter 1s
represented by an average gray scale value of the first pixel
neighborhood.

7. The method of claim 1, wherein the first average gray
scale value 1s computed on a 3x3 neighborhood of pixels,
centered on but excluding that pixel, and the second average
oray scale value 1s computed on a 3x5 neighborhood cen-
tered on and double weighting that pixel.

8. A method for producing an output representation of

mixed-mode document with reduced artifacts, comprising:

for each of a plurality of pixels representing the
document, computing a first average gray scale value of
a first pixel neighborhood and a second average gray
scale value of a second pixel neighborhood that over-
laps the first pixel neighborhood;

comparing the difference between the computed first
average gray scale value and a value of that pixel with
a predetermined threshold value; and

based on the result of the comparison, applying either a
first filter kernel to the first pixel neighborhood, a
second filter kernel to the first pixel neighborhood, a
third filter kernel to the first pixel neighborhood, a first
low-pass filter to the second pixel neighborhood, or a
second low-pass filter to the first pixel neighborhood, to
produce an output representation of the document with
reduced artifacts.

9. The method of claim 8, wherein the pixel representation
of the mixed-mode document 1s a low-resolution represen-
tation.

10. The method of claim 8, wherein the first filter kernel
1s welighted to preserve horizontal and vertical edges 1n the
output representation, and the second filter kernel 1s
welghted to preserve slanted edges 1n the output represen-
tation.

11. The method of claim 10, wherein either the first,
second or third filter kernels 1s applied if the difference
between the computed first average gray scale value and the
value of that pixel 1s greater than or equal to the predeter-
mined threshold value, and wherein either the first or second
low-pass filter 1s applied if the difference between the
computed first average gray scale value and the value of that
pixel 1s less than the predetermined threshold value.

12. The method of claim 11, wherein the first filter kernel
1s applied if a first sub-condition, indicating that horizontal
and vertical edges are to be preserved, 1s satisfied, the second
filter kernel 1s applied if the first sub-condition 1s not
satisfied but a second sub-condition, indicating that slanted
cdges are to be preserved, 1s satisfied, and the third filter
kernel 1s applied if neither the first nor the second sub-
condition 1s satisfied.

13. The method of claim 12, wherein the first low-pass
filter, represented by a weighted average gray scale value of
the second pixel neighborhood, 1s applied if the second
sub-condition 1s satisfied, and the second low-pass filter,
represented by an average gray scale value of the first pixel
neighborhood, 1s applied if the second sub-condition 1s not
satisfied.

14. An apparatus for recerving an input signal conveying
a mixed-mode document and, in response thereto, generat-
ing an output signal reproducing the mixed-mode document
in a form having reduced artifacts, the apparatus comprising:

a filter device including a median filter, a first low-pass
filter, and a second low-pass filter;

an analyzer that receives the input signal, computes, for

cach of a plurality of pixels representing the
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document, a first average gray scale value of a first
pixel neighborhood and a second average gray scale
value of a second pixel neighborhood that overlaps
the first pixel neighborhood, compares the difference
between the computed first average gray scale value
and a value of that pixel with a predetermined
threshold value, and outputs a signal indicative of the
comparison; and
a filter control that receives the comparison signal
from the analyzer, and outputs a control signal to
the filter device to apply either the median filter or
a selected one of the low-pass filters based on the
result of the comparison.

15. The apparatus of claam 14, wherein the filter control
outputs a control signal to the filter device to apply the
median filter 1f the signal received from the analyzer indi-
cates that the difference between the computed first average
oray scale value and the value of that pixel 1s greater than or
equal to the predetermined threshold value.

16. The apparatus of claim 15, wheremn the analyzer
further compares (i) the difference between the computed
first average gray scale value and a gray scale value of that
pixel and (i1) the difference between the computed second
average gray scale value and the gray scale value of that
pixel, and wherein the filter control outputs a control signal
to the filter device to apply either the first low-pass filter or
the second low-pass filter based on the result of the further
comparison.

17. The apparatus of claim 16, wherein the first low-pass
filter 1s represented by a weighted average gray scale value
of the second pixel neighborhood, and the second low-pass
filter 1s represented by an average gray scale value of the first
pixel neighborhood.

18. The apparatus of claim 14, wherein the first average
oray scale value 1s computed on a 3x3 neighborhood of
pixels, centered on but excluding that pixel, and the second
average gray scale value 1s computed on a 3x5 neighbor-
hood centered on and double weighting that pixel.

19. An apparatus for receiving an input signal conveying
a mixed-mode document and, in response thereto, generat-
ing an output signal reproducing the mixed-mode document
in a form having reduced artifacts, the apparatus comprising:

a filter device including a first filter kernel, a second filter
kernel, a third filter kernel, a first low-pass filter, and a
second low-pass filter;

an analyzer that receives the mput signal, computes, for
cach of a plurality of pixels representing the document,
a first average gray scale value of a first pixel neigh-
borhood and a second average gray scale value of a
second pixel neighborhood that overlaps the first pixel
neighborhood, larger than the first pixel neighborhood,
compares the difference between the computed first
average gray scale value and a value of that pixel with
a predetermined threshold value, and outputs a signal
indicative of the comparison; and

a filter control that receives the comparison signal from
the analyzer, and outputs a control signal to the filter
device to apply a selected one of the filter kernels or
low-pass filters based on the result of the comparison.

20. The apparatus of claim 19, wherein the first filter

kernel 1s weighted to preserve horizontal and vertical edges
in the output representation, and the second filter kernel 1s
welghted to preserve slanted edges 1n the output represen-
tation.

21. The apparatus of claim 20, wherein the filter control

outputs a control signal to the filter device to apply either the
first, second or third filter kernels 1f the signal received from
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the analyzer indicates that the difference between the com-
puted first average gray scale value and the value of that
pixel 1s greater than or equal to the predetermined threshold
value, and wherein the filter control outputs a control signal
to the filter device to apply either the first or second low-pass
filter 1f the signal received from the analyzer indicates that
the difference between the computed first average gray scale
value and the value of that pixel 1s less than the predeter-
mined threshold value.

22. The apparatus of claim 21, wherein the first filter
kernel 1s applied 1f a first sub-condition, indicating that
horizontal and vertical edges are to be preserved, 1s satisfied,
the second filter kernel 1s applied if the first sub-condition 1s
not satisfied but a second sub-condition, indicating that
slanted edges are to be preserved, 1s satisfied, and the third
filter kernel 1s applied if neither the first nor the second
sub-condition 1s safisfied.

23. The apparatus of claim 22, wherein the first low-pass
filter, represented by a weighted average gray scale value of
the second pixel neighborhood, 1s applied if the second
sub-condition 1s satisfied, and the second low-pass filter,
represented by an average gray scale value of the first pixel
neighborhood, 1s applied if the second sub-condition 1s not
satisfied.

24. Amachine-readable medium embodying a program of
instructions for causing a machine to perform a method of
producing an output representation of a mixed-mode docu-
ment with reduced artifacts, the program of instructions
comprising instructions for:

computing, for each of a plurality of pixels representing,
the document, a first average gray scale value of a first
pixel neighborhood and a second average gray scale
value of a second pixel neighborhood that overlaps the
first pixel neighborhood;

comparing the difference between the computed first
average gray scale value and a value of that pixel with
a predetermined threshold value; and

applying, based on the result of the comparison, either a
median filter to the first pixel neighborhood, a first
low-pass filter to the second pixel neighborhood, or a
second low-pass filter to the first pixel neighborhood, to
produce an output representation of the document with
reduced artifacts.

25. The machine-readable medium of claim 24, wherein
the pixel representation of the mixed-mode document is a
high-resolution representation.

26. The machine-readable medium of claim 24, wherein
the second pixel neighborhood 1s larger than the first pixel
neighborhood.

27. The machine-readable medium of claim 24, wherein
the median filter 1s applied if the difference between the
computed first average gray scale value and the value of that
pixel 1s greater than or equal to the predetermined threshold
value.

28. The machine-readable medium of claim 27, wherein
cither the first low-pass filter or the second low-pass filter 1s
applied based on a comparison between (1) the difference
between the computed first average gray scale value and a
gray scale value of that pixel and (ii) the difference between
the computed second average gray scale value and the gray
scale value of that pixel.

29. The machine-readable medium of claim 28, wherein
the first low-pass filter 1s represented by a weighted average
oray scale value of the second pixel neighborhood, and the
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second low-pass filter 1s represented by an average gray
scale value of the first pixel neighborhood.

30. The machine-readable medium of claim 24, wherein
the first average gray scale value 1s computed on a 3x3
neighborhood of pixels, centered on but excluding that pixel,
and the second average gray scale value 1s computed on a
3x5 neighborhood centered on and double weighting that
pixel.

31. Amachine-readable medium embodying a program of
instructions for causing a machine to perform a method of
producing an output representation of a mixed-mode docu-
ment with reduced artifacts, the program of instructions
comprising 1nstructions for:

computing, for each of a plurality of pixels representing,
the document, a first average gray scale value of a first
pixel neighborhood and a second average gray scale
value of a second pixel neighborhood that overlaps the
first pixel neighborhood;

comparing the difference between the computed first
average gray scale value and a value of that pixel with
a predetermined threshold value; and

applying, based on the result of the comparison, either a
first filter kernel to the first pixel neighborhood, a
second filter kernel to the first pixel neighborhood, a
third filter kernel to the first pixel neighborhood, a first
low-pass filter to the second pixel neighborhood, or a
second low-pass filter to the first pixel neighborhood, to
produce an output representation of the document with
reduced artifacts.

32. The machine-readable medium of claim 31, wherein
the pixel representation of the mixed-mode document is a
low-resolution representation.

33. The machine-readable medium of claim 31, wherein
the first filter kernel 1s weighted to preserve horizontal and
vertical edges 1n the output representation, and the second
filter kernel 1s weighted to preserve slanted edges in the
output representation.

34. The machine-readable medium of claim 33, wherein
either the first, second or third filter kernels 1s applied if the
difference between the computed first average gray scale
value and the value of that pixel 1s greater than or equal to
the predetermined threshold value, and wherein either the
first or second low-pass filter 1s apphed if the difference
between the computed first average gray scale value and the
value of that pixel is less than the predetermined threshold
value.

35. The machine-readable medium of claim 34, wherein
the first filter kernel 1s applied if a first sub-condition,
indicating that horizontal and vertical edges are to be
preserved, 1s satisiied, the second filter kernel 1s applied if
the first sub-condition 1s not satisfied but a second sub-
condition, indicating that slanted edges are to be preserved,
1s satisfied, and the third filter kernel 1s applied if neither the
first nor the second sub-condition 1s satisfied.

36. The machine-readable medium of claim 35, wherein
the first low-pass filter, represented by a weighted average
oray scale value of the second pixel neighborhood, 1s applied
if the second sub-condition 1s satisfied, and the second
low-pass filter, represented by an average gray scale value of
the first pixel neighborhood, 1s applied if the second sub-
condition 1s not satisfied.
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